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Plate-loadAbstract Soil collapse occurs when increased moisture causes chemical or physical bonds between
the soil particles to weaken, which allows the structure of the soil to collapse. Collapsible soils are
generally low-density, ﬁne-grained combinations of clay and sand left by mudﬂows that have dried,
leaving tiny air pockets. When the soil is dry, the cemented materials are strong enough to bond the
sand particles together. When natural soil becomes wet, moisture alters the cementation structure
and the soil’s strength is compromised, causing collapse or subsidence. Based on soil type and den-
sity, the potential for encountering collapsible soils throughout most of the project alignment is low.
Conditions in arid and semi-arid climates like Borg El Arab, near Alexandria Egypt favor the for-
mation of the most problematic collapsible soils. The behavior and performance of compacted sand
replacement over treated collapsible soil by pre-wetting and compaction are investigated in the cur-
rent study. Field investigation was performed in the form of plate loading tests conducted on com-
pacted sand replacement over improved collapsible soil. Field plate load tests program was
developed to explore the effect of compacted sand replacement thickness on collapsibility potential.
Treated collapsible soil was replaced with imported cohesionless soil with variable thickness up to
footing width. Results proved that the improvement of collapsible soils by sand/crushed stone
replacement is possible to control/mitigate their risk potentials against sudden settlement when
exposed to water. Replacement soil increases the rate and reduces the amount of footing settlement.
For compacted collapsible soils, partial replacement by compacted sand/crushed stone layers
decreases collapsibility potential risk. Results also, introduce the development of practical, econom-
ical and environmentally safe geochemical methods for collapsible soil stabilization and collapsible
risk mitigation.
ª 2015 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Collapsible soil is a special form, mostly of unsaturated soil,
which is susceptible to loss of strength due to decrease in bulk
volume upon wetting. The types of collapsible soil can be resid-
ual soil, debris ﬂows, or eolian deposits. Collapsible soil depos-
its share two main features, the ﬁrst they are loose, cemented
deposits; and the second they are naturally near dry. The soil
is in loose structure with particles joined together generally
by chemical cement or clay bond. Either bond may easily be
weakened by water, which causes collapse and loss of strength.
Thus it is deﬁned as a soil which is susceptible sudden reduction
in volume upon wetting. However the bond strengths of the
most collapsible soils are weakened or lost with the addition
of water. Then the granular grains can slide (shear) on one
another, moving into vacant void spaces [6,10]. It has been
reported that the predominant soil types that lead to signiﬁcant
collapse included soil classiﬁed as CL and ML soils, according
to the Uniﬁed Soil Classiﬁcation System. The dry density and
plasticity of collapsible soils are both low and accordingly the
liquid limit, plasticity index and natural moisture content are
usually lower than 45%, 25% and 10%, respectively [6].
ASTMD5333-03 deﬁnes a ‘‘collapse index (Ie)’’ as the differen-
tial vertical strain between the wet and dry conditions at a pres-
sure of 200 kPa. The differential vertical strain (Dev) is
calculated from one dimensional consolidation test. The col-
lapse index is used to classify the degree of collapse. In case
of differential vertical strain (Dev) between wet and dry condi-
tions under a given pressure, the differential vertical strain
(Dev) is indicated as the potential of the soil for collapse (Ie).
Many research works concerning ground improvement
techniques are recommended in difﬁcult ground conditions,
examples of which are swelling soils, collapsible soils, soft soils,
organic soils and peaty soils, karst deposits with sinkhole for-
mations, foundations on dumps and sanitary landﬁlls, han-
dling dredged materials for foundation beds, handling
hazardous materials in contact with soils and the use of old
mine pits. When a project site comes across any of the above
difﬁcult conditions, possible alternative solutions may be one
or more of the following as needed for a particular site: design
the planned structure (ﬂexible/rigid), remove and replace
unsuitable soils, attempt to modify existing ground, enable
cost effective foundation design, reduce the effects of contam-
inated soils and ensure sustainability in construction projects
using ground improvement techniques. While it may not be
immediately apparent, ground improvement methods have
made considerable advances since today’s commonly practiced
techniques began to develop in the 20th century; however,
most techniques have gone through changes. Also, the purpose
of the improvement techniques may be by using vertical drains,
grouting, stabilization using admixtures and reinforcement toincrease bearing capacity of soil and reduce its settlement,
[8,3,9,11,5,12].
One of the recent methods among ground improvement
techniques is reinforcing the soil with materials like ﬁbers, ﬁber
glass, nylon, and polyster, polyamides in the form of other
strips or grids and Geotextiles. The Primary purpose of rein-
forcing a soil mass was to improve its stability, increase its
bearing capacity and reduce settlements and lateral deforma-
tions. Geotextiles and geomembranes, broadly speaking, are
synthetic ﬁbers used to stabilize structures. The new widely
accepted generic term for these non-natural materials is
geosynthetics. Geosynthetics include permeable and imperme-
able materials that are either of knitted, woven, or non-woven
nature, as well as polymer grids and meshes. The role of
geosynthetic material varies in different application as it can
serve as reinforcement, separation, ﬁltration, protection, con-
tainment, ﬂuid transmission and conﬁnement of soil to
improve bearing capacity. Geo-cell reinforcement is a recently
developed technique in the area of soil reinforcement having
three dimensional, polymeric, honeycomb like structure of
cells made out of geo-grids inter connected at joints [13].
Selection processes for ground improvement methodologies,
improved analysis, and knowledge of long term performance
and understanding of effects of variability are required to
develop more efﬁcient designs. The estimated allowable bear-
ing pressure was taken as the lesser of the two values calculated
based on, ﬁrst, settlement consideration, which have been used
to calculate the allowable soil bearing pressure for a tolerable
total settlement of 25 mm, second, bearing capacity considera-
tions based on the shear strength of the soil, which have been
used within a safety factor of two.
In practicing collapsible soils, geotechnical engineers are
faced with the identiﬁcation and characterization of collapsible
soil, estimation of the extent and degree of wetting, estimation
of collapse strains and collapse differential settlements and
selection of design/mitigation alternatives. This paper presents
the engineering techniques of Borg El Arab collapsible soils
improvement by removal and partial replacement, pre-
wetting, pre-compression, in situ densiﬁcation, to increase
bearing capacity of collapsible soil and to reduce its settlement.
A series of Plate load tests were conducted on improved col-
lapsible soil to study the most effective thickness for sand
replacement and study their effects on the reduction of collapse
settlement when inundation occurs. Results proved that
improvement of collapsible soils is possible to mitigate their
risk potentials against sudden settlement when exposed to
water, and provide remediation for design and construction
oversight. Plate load tests are common ﬁeld tests for the eval-
uation of allowable pressures under foundations. In this test,
the water is introduced to the loaded soil and the resulted dis-
placement due to wetting is recorded.
Table 1 Index properties and collapsibility potential of
undisturbed soil samples.
Soil properties Sample 1 Sample 2
Initial water content (%) 7.2 8.3
Natural unit weight (kN/m3) 14.1 14.8
Percentage of sand (%) 22.4 25.8
Percentage of silt (%) 70 66
Percentage of clay (%) 7.6 8.2
Collapsibility potential, Cp (%) 12.4 12.0
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The single odometer test (ASTM D5333-03) [4] was used to
study the soil collapse potential. The inﬂuence of the particle
size distribution, void ratio and density on the soil collapsibil-
ity was also, studied using (ASTM) standard procedures on the
undisturbed soil samples [4,7]. These samples represent the col-
lapsible soil which have been collected from different locations
located in Borg EL-Arab area near Alexandria city, north of
Egypt, to determine its geotechnical properties. Undisturbed
soil samples were collected for laboratory tests by means of
block samples cut from pits excavated at different sites from
ground surface down to 2.0 m depth. In addition, compaction
tests were carried out on soil samples in accordance with the
modiﬁed Proctor procedure, ASTM D1557 .Maximum dry
unit weight of compacted samples was found to vary from
16.8 to 18.6 kN/m3 with an average value of 17.7 kN/m3 at
optimal water content of 14.3–18.2% (Abdel-Mohsen and
Ali [1,2]). Table 1 shows geotechnical properties of the col-
lapsible soils of Borg EL-Arab region based on results of a lab-
oratory testing program on undisturbed soil samples recovered
from test sites.
As shown in Table 1, the higher the initial water content
and clay content, the less is the collapsibility potential Cp,
where both values have reverse effect on water inﬂuence on
de-bonding of soil particles.
2.1. Field tests
Plate loading tests were performed on compacted sand replace-
ment with different thickness which was constructed in four
layer each 250 mm thickness over improved collapsible soilTable 2 Details of testing program.
Case ID Conditions
Group A Eﬀect of thickness of replaceme
(Dplate = 450 mm)
Thickness of replacement layer (mm) 0.5 D 1.0 D
Group B Eﬀect of subgrade under replac
Replacement layer on dry comp
Group C Eﬀect of subgrade under replac
Replacement layer on dry comp
Group D Eﬀect of inundation on compac
Plate stress during inundation (kN/m2) Soaked at stress = 0.0
Group E Eﬀect of inundation on sand re
collapsible soil
Plate stress during inundation (kN/m2) Soaked at stress = 0.0by compaction and pre-wetting at depth 2.0 m below the
ground surface. Circular rigid plate having 450 mm diameter
was used to study the ﬁeld behavior of the effect of different
thickness of partially replacement sand top layer, upon
inundation.
Five groups of tests were designed to study the effective
thickness and types of softpartially cohesion-less replacement
top layer and inundation of improvement of collapsible soil.
The designed testing program is summarized in Table 2.
The bearing plate tests were conducted on layer of sand
resting on compacted and pre-wetted collapse soil before and
after ﬂooding with water. In these tests, the water is introduced
to the loaded soil and the resulting displacement due to wetting
is recorded. After the loaded plate is removed, the depth of
wetted zone was measured.
2.2. Field test results and discussion
Tests groups A, B and C were conducted on improved sub-
grade, whereas tests groups D and E were conducted on col-
lapsible soil after ﬂooding. Load–settlement recorded during
plate load tests have been analyzed to study the effect of com-
pacted sand replacement improved collapsible soil on the set-
tlement–stress relationship. Fig. 1 shows that settlement,
obviously, decreases upon increasing of replacement thickness.
Following the common procedure for calculating the bearing
capacity at intersection point between initial and ﬁnal straight
lines of the curves, the ultimate bearing capacity values for
cases under study are 240, 370 and 385 kN/m2 respectively.
Fig. 2 shows the stress–settlement relationship of group B.
Figs. 1 and 2 show the comparison between settlement and
applied stress on the plate for the studied cases. Rollers are
used to compact soils surface at foundation depth to densify
the collapsible soil with and without wetting. Replaced sand
with thickness equal to diameter of the plate was placed on
subgrade for two cases. One can predict the ultimate bearing
capacity under loaded plate from curves in Fig. 2. For the four
cases under study which are improved subgrade by dry com-
paction, using compacted sand replacement on dry compacted
subgrade, ﬂooded and compaction, and using compacted sand
replacement on improved subgrade, the ultimate bearing
capacity values are 110, 210, 240 and 370 kN/m2, respectively.
There is an increase of 0.15 and 2.36 times with respect to dry
compacted collapsible soil and improved collapsible soil bynt sand layer on compacted improved collapsible soil,
1.5 D
ement sand layer with thickness 1.0 D
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Figure 1 Settlement–stress relationship under loaded plates–
effect of different thickness of replacement layer.
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530 N.A. Alipre-wetting and compacting. From ﬁgure the bearing stress
increases with the increase of replacement layer thickness.
The effective thickness of replacement is found equal to the
diameter of plate. At thickness equals D, the bearing capacity
increases 2.36 times and at thickness equals 1.5D, the bearing
capacity increases only to 2.5 times. The ﬁgures also, indicate
that the rate of settlement decreases with the presence of top
compacted replacement sand layer. Fig. 3 depicts that there
is an effect of ﬂooding before compaction on the reduction
of settlement. The reduction of settlement decreases with using
sand replacement layer of thickness equals plate diameter. As
expected, water ﬂooding causes reduction in bearing capacity
of collapsible soil. To mitigate the effect of water on collapsible
soils, a new safety factor against bearing capacity failure
should be developed to account for water inﬁltration from
any source during structure lifetime.
Fig. 4 shows the stress–settlement relationship of group C.
The ﬁgure shows plate load–settlement curves obtained for
compacted improved natural collapsible soil treated by top
compacted sand/crushed stone layer with thickness equals D.
As it can be seen, due to the use of top compacted
sand/crushed stone layer ultimate bearing capacity increases
from 280 to 330 kN/m2 while collapse settlement was reduced
by 18% respectively. The results revealed the effect of stiffness
and weight of replacement layer on limiting the collapsibility
phenomenon and provide shear strength of replacement layerthat resists deformation. The replacement by cohesionless soil
has a signiﬁcant effect on controlling the collapsibility phe-
nomenon. Signiﬁcant settlements can take place in foundations
of structures on collapsible soils after being saturated; this may
lead to structure damage. Collapse always takes place when
soils are wetted; thus, ﬂooding of soils before construction
can be helpful to densify and stabilize collapsible soils. In
low collapse potential soils, ﬂooding and loading may be
together with no effect on the result.
Fig. 5 shows the load and settlement recorded during inun-
dation and the settlements continued until the soil was fully
saturated. From this ﬁgure, it is observed that soil after being
ﬂooded exhibited a limit settlement for improved collapsible
soil by prewetting and compaction. The replacement dis-
tributes the water during inundation uniformly through the
surface of subgrade. It is also, observed that the soil after inun-
dation exhibits large displacement than dry soil.
The water content and the clay content under the plate in
groups D and E are measured after removing test assembly.
Where artiﬁcial wetting is applied to cause settlement collapse,
the water content before and after wetting is given in Fig. 6.
The upper compacted subgrade layer has been excluded from
the subgrade stratum. This exclusion is derived from the fact
that the silty layers when compacted after inundation loose,
approximately, their entire collapsible characteristics. The
more the clay content is, the less is the permeability and the
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Figure 6 Water content/percent of clay content with depth under
plate following removable of Plate assembly – groups C and D.
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Figure 5 Settlement–stress relationship under loaded plates–
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Performance of partially replaced collapsible soil 531penetration depth. For the current case, water penetration
reached as far as 4.5 plate diameter, D.
It is obvious that collapse settlement increases due to an
increase of the inundation stress. Top layer of compacted sand
replacement acts as a surcharge on the surface of collapsible
soil and at the same time it distributes water uniformly during
inundation to seep through the collapsible soils surface. This
observation can be explained by the fact that a portion of
the ﬁne-grained soil acts as a bonding material for large-
grain particles. At low water contents, the ﬁne particles at
the contacts provide shear strength that resists deformation.
As collapse takes place when soils are wetted, thus ﬂooding
of soils and loading together before construction can be help-
ful to stabilize collapsible soils. The results obtained clearly
show the inﬂuence of certain parameters such as ﬁnes content,
water content and top replacement cohesionless soil on the col-
lapse potential.
3. Conclusions
Field tests conducted on collapsible soils of Borg Al-Arab
area, Alexandria, Egypt indicated that replacement soil
improves the stability of collapsible soil by uniform distribu-
tion of water on surface. Replacement soil inﬂuence is signiﬁed
after collapsible soil is improved by ﬂooding and compaction.
The total amount of collapsibility potential depends on ini-
tial moisture content, extent of wetting depth, duration of wet-
ting and pattern of moisture migration. Immediate foundation
failure may result due to inundation, if inundation pressure
exceeds the ultimate limit capacity of compacted sand
replacement.
Increase in thickness of compacted sand replacement layer
increases the bearing capacity of inundated compacted col-
lapsible soil. The most effective thickness for the compacted
sand layer, within the tested range, was found to be equal to
the plate width. Flooding and compaction for subgrade col-
lapsible soil improve its performance, reduce its settlement
and increase its bearing capacity.
The soil replacement with compacted cohesionless soil
reduces the foundation settlement by about 50% and increases
bearing capacity by about 100%. The subgrade should be
improved with compaction and pre-wetting before placing
the top compacted sand replacement to obtain good results
of higher bearing capacity, and low and uniform settlement.
Collapsible soil after inundation exhibits large displacement
than dry soil; thus, site drainage is very important factor to be
considered during design and construction foundations. In
order to obtain a safe design stress for shallow foundation rest-
ing on natural unsaturated collapsible soil, ﬁeld evaluation of
pressure-settlement, response at fully saturated condition is
recommended. In most conditions, saturation and preloading
of collapsible soil before construction can be helpful to stabi-
lized collapsible soils.
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